Abstract -This paper presents a 3-faceted linear array with wide angle scanning property targeting portable devices. With this property, the antenna gain is maintained even when the main beam is steered away from zenith. The arrangement consists of a linear array of eight circular patches conformed to a 3-faceted structure. The radiation pattern and mutual coupling of the proposed structure are compared with three other structures; linear array on a flat surface, linear array on a curved surface and linear array on a 2-faceted surface. Each of the array structures is simulated with the CST Design Suite. Simulation results show that the main beam of the proposed 3-faceted array can be steered to a wide range of ±70° from the zenith, but with a trade off in wider beam width and increased side lobe levels. The circular patch array on a 3-faceted surface is fabricated on a FR4 (1.6 mm) substrate. The coupling coefficients are measured and compared to the simulated results.
INTRODUCTION
One of the features that are offered by phased array antennas is adaptive beamforming. In adaptive beamforming, the main beam is electronically steered towards a desired angle and nulls are placed in the interference angles. Phased array antennas with narrow beam width have high spatial resolutions. In addition, the transmission efficiency of phased array antennas is high when the radiation pattern of the array has low side lobes [1, 2] since antennas with a narrow beam and low side lobes are less prone to interference. However, the main drawback of adaptive beamforming on linear and planar arrays is the gain degradation of the main beam as it is steered beyond 60 o from boresight [3] . In order to maintain the gain of an adaptive array antenna, several techniques can be applied, such as employing multifaceted arrays, conforming the antenna onto curved surfaces and implementing mechanical tilting panels [4] [5] [6] .
Previously, the scanning angle coverage of a phased antenna is increased by employing multifaceted and conformal arrays [5, 6] . This arrangement provides a degree of curvature to the array which allows the gain to be preserved over a wider range of angles as each face covers a specified sector. Increasing the scan angle of a phased array was also studied in [7] , where three different array structures were analyzed; planar array, singly curved array and 3-segment configurations. The works in [5] [6] [7] deals with a large number of elements as each of the arrays involve subarrays of antenna arrays. It was shown that the 3-segment structure is able to achieve scan coverage of ±60° from boresight. Another way to achieve wide angle scanning is to design the array with mechanical tilting flexibility [4] . With this feature the elements in the array can be tilted to point towards the main beam direction of the overall antenna mechanically. The concept was simulated and found to have good agreement in preserving the main beam characteristic when steered to 50 o from boresight.
However, designing practical antenna arrays capable of wide angle scanning is challenging for portable devices. With limited number of elements and mechanical tilting constraints, arrays with conformal structures are a key alternative for portable devices. Therefore, the feasibility of conformal array configurations containing a smaller number of elements needs to be analyzed, in order to fulfill the size restrictions of portable devices. This paper presents an antenna array with reduced number of elements which provides a wide scanning property. The array consists of eight circular patches conformed to a 3-faceted structure. The array properties such as radiation pattern, scattering parameters, scan angle range and directivity are then compared.
II. ARRAY ANTENNA DESIGN
Circular patches, which are 33mm in diameter each, are arranged side by side in a linear configuration with d p = 0.5Ȝ spacing, as illustrated in Figure 1 . The spacing has been optimized to achieve acceptable mutual coupling, which in this work is less than -15 dB. Total dimension of the array is 5Ȝ by 0.8Ȝ. The radiation pattern of the array is given by (1) [7] .
where EP circ is the circular patch pattern, N p is the total number of elements and w n is the excitation factor for every element.
On the curved surface, the array is bent onto an arc with a curvature radius of r s = 4.5Ȝ, as illustrated in Figure 2 . In this work, r s is sufficiently large compared to the flat The author is sponsored by Universiti Malaysia Pahang, Malaysia and The Malaysian Government. dp y x 6th European Conference on Antennas and Propagation (EUCAP) 978-1-4577-0919-7/12/$26.00 ©2011 IEEEstructure and sufficiently small enough to retain the properties of curved structures. The array pattern of the curved surface is given by (2) [7] .
where EP circ is the circular patch pattern, (ș o , Ø o ) are the elevation and azimuth angle of the main beam and the position of the patch is (ș n , Ø n ). w n is the excitation weight for the array.
In 2-faceted surface configuration, the elements are equally divided into two facets. Each facet is tilted with ș a from the horizontal plane. The configuration is shown in Figure 3 . The faceted surfaces can be analyzed in the same way as that of the curved structure but different radii are used in the analysis. In 3-faceted surface configuration, the middle facet contains four elements and each of the side facets contains two elements. The side facets are bent with the same tilt angle (ș a ) as shown in Figure 4 . Similar to the case of 2-faceted surface, the radiation pattern of 3-faceted surface can be calculated using (2) , in which different radii (r n ) are used. In this study, the tilting angle (ș a ) is 20° for both 2-faceted and 3-faceted configurations.
III. RESULTS AND DISCUSSIONS
The performance of the antenna arrays are compared in terms of the radiation characteristics such as half-power beam width (HPBW), side lobe level (SLL) and gain. In the second part, coupling levels of the antenna arrays are discussed.
A. Radiation pattern
The main beam of a linear array of a flat surface can only be steered in a one-dimensional region. As the target scanning region in this work is the elevation angle, the azimuth angle is fixed to Ø = Ø o = 0° in all experiments. Each of the antenna structure is modeled in CST Design Suite 2010 in which extensive full-wave time domain analysis is performed. All simulations are carried out with 2.5 GHz frequency. The beam of an array can be steered by changing the phase shift excitation of the array element given in (1) and (2). For the flat surface, the elevation normalized radiation patterns are shown in Figure 5 . In this simulation, the main beam is steered to ș = 0°, 10°, 22°, 33°, 47°, 58°, 70° and 90° from zenith. The main beam radiation characteristics such as HPBW, SLL and gain are shown in Table I .
As seen in Table I , the array gain degrades as the main beam is steered away from zenith. The gain drops significantly as the beam is steered from 58° to 70°. On the other hand, both the SLL and HPBW increase with the angular distance of the main beam from the zenith. The radiation patterns of the linear array on a curved surface are shown in Figure 6 . In the simulation, the main beam is steered to ș = 0°, 11°, 23°, 35°, 51°, 70°, 75° and 90° from zenith and the radiation characteristics are shown in Table II . As can be seen from Table II, the gain degradation is less than 10% when the main beam is steered between ș = 0° and ș = 70° region. However, as the steering goes beyond ș = 70°, a drastic degradation in gain is seen. Similar to the previous case, both SLL and HPBW increase as the main beam is steered away from zenith. The radiation patterns of the linear array on 2-faceted surface are shown in Figure 7 . In this simulation, the main beam is steered to ș = 0°, 11°, 24°, 36°, 52°, 65°, 75° and 90° from zenith and the radiation characteristics are shown in Table III . As seen in Table III , the highest gain is obtained when the main beam is steered towards 65° from zenith and the lowest gain is produced when the main beam is pointing to 90°. This scenario is the result of the tilting properties of the faceted geometry. The HPBW and side lobe levels vary throughout the steering angle. Next, the radiation patterns of the linear array on 3-faceted surface are shown in Figure 8 . In the simulation, the main beam is steered to ș = 0°, 10°, 21°, 33°, 47°, 60°, 71° and 83° from zenith and the radiation characteristics are shown in Table IV .
From the results in Table IV , it is noted that the gain of the array varied between 7.1 dB and 8.0 dB as the main beam is steered from ș = 0° and ș = 60°. The highest gain obtained from this configuration is when the main beam is steered towards ș = 60°. Similar to the 2-faceted case, the SLL varies throughout the steering angle range. On the other hand, the HPBW increases as the main beam is steered away from the zenith. Comparing the radiation patterns shown in Figures 5, 6 , 7 and 8, it can be noted that the linear array on flat surface form the narrowest beam with an average HPBW of 26.4° (within scan angle range of ș = 0° and ș = 70°). On the other hand, the linear array on curved surface has the widest beam with an average HPBW of 30.4°. The side lobe level of these arrays also varies from one to another. In general, the flat surface array forms the lowest SLL compared to the other structures.
The normalized gain as a function of elevation scan angle is shown in Figure 9 . Based on the gain degradation of the arrays, the range of the scan angle for 2-faceted, 3-faceted and curved array are wider compared to that of the flat surface array. In this work, the cut-off for array scan range is determined when the gain drops more than 50%. Therefore, the scan ranges for the arrays are as follows: flat surface (0° < ș < 64°), 2-faceted surface (0° < ș < 76°), 3-faceted surface (0° < ș < 74°) and curved surface (0° < ș <73°). Due to the tilting angle (ș a ) of the 2-faceted and 3-faceted surfaces the gain for both arrays peaks at ș = 60°.
These results show that the antenna array conformed to a flat surface provides a narrower beam width and higher gain compared to that of the other surfaces. However, the gain is reduced by 63% when the main beam is steered to an elevation angle of ș = 70°. On the other hand, the array gain on a curved surface is reduced by only 8% when the main beam is positioned at ș = 70°. This shows that the main beam can be steered in a wider elevation angle when the antenna elements are conformed to a curved surface compared to a flat surface, but with a trade off in a wider beam width, increased side lobe level and a lower gain. The scan angle for both the 2-faceted and 3-faceted surfaces reach an elevation angle of ș = 70° while its gain degrades by only 29 % (ș = 75°) and 35 % (ș = 70°), respectively. Similar to the curved surface, the radiation pattern of both the 2-faceted and 3-faceted surfaces come with an expense of wider beam width and lower gain. The scan limit of the faceted surface depends closely on the tilting angle of the facets, ș a , which in this case is 20°. As for the increased side lobe level, better side lobe control can be achieved with amplitude-tapered excitation technique [5] . As seen in Figure 10 , there is a symmetrical trend in the coupling levels between the neighboring elements in the arrays. This is expected as the coupling characteristic is reflected from the symmetrical geometry of the array. For example, the coupling level between antenna element 1 and 2 (S 12 ) is about the same as the coupling level between antenna element 7 and 8 (S 78 ). The coupling between adjacent elements on the curved surface fluctuate the least, within the range of -17 dB to -18 dB, with the lowest coupling shown at S 34 and S 56 . The curved structure has its advantage as it influences the coupling to be evenly distributed along the array. However, the highest coupling occurs between element 7 and element 8 on the 3-faceted surface, while the lowest couplings are shown at S 23 and S 67 for 3-faceted surface and S 45 for 2-faceted surface. The reduced coupling is due to the tilting structure of the facets. Note that the couplings at S 12 and S 78 for all surfaces are approximately the same. This indicates the influence of the surface geometry in the mutual coupling level of the arrays. It is important to maintain a low coupling between the antenna elements especially in phased array antenna as strong mutual coupling can cause distortion of the radiation patterns of the array and degradation of adaptive nulling performance. The circular patches of the 3-faceted array are fabricated on FR4 substrate with a 1.6 mm thickness, as depicted in Figure 11 . The reflection and mutual coupling coefficients (S ii and S ij ) of the antennas have been measured with a network analyzer. Table V provides comparisons between the measured and simulated results. The discrepancy between the measured and the simulated results is due to the simplified model used in the simulation, which does not include soldering iron and SMA connector. The low coupling levels indicate that the antennas are properly isolated. This is crucial as improper isolation between antennas will cause degradation in the array gain.
B. Mutual Coupling

Mutual Coupling Level
C. Fabrication of 3-faceted array
IV. CONCLUSION
In this paper, radiation patterns of an 8-element circular patch array conformed to four different surfaces were analyzed. From the results, a wider elevation angle scanning can be achieved with arrays on curved and multifaceted surfaces. The results are based on the value of the normalized array gain when it is steered away from zenith. The 8-element circular patches are arranged in a linear array and conformed into four different surfaces; flat, curved, 2-faceted and 3-faceted. On a flat surface, the elements are arranged in a linear array with similar orientation, while on a curved surface, the elements are placed along an arc of a constant radius. On a 2-faceted and a 3-faceted surfaces, the elements are placed on two and three different segments, respectively (both tilted at a specific angle). For applications that require high gain transmission, circular array conformed to a flat surface seems to be the most suitable solution, as it provides the highest gain compared to other surfaces. However, for applications that require wide angle scanning, curved and multifaceted surface are the most appropriate choice, as the main beam gain has minimal degradation and reduced mutual coupling. The results were verified experimentally by fabricating an array of circular patches on the 3-faceted surface. The reflection and mutual coupling coefficients were measured and compared with the simulations.
